ABSTRACT
INTRODUCTION

41
Histone chaperones represent an important group of chromatin remodellers, with the 42 ability to directly bind histones and mediate their assembly into nucleosomes (Nakagawa 43 et al., 2001; Takeuchi et al., 2003) . This process begins with the interaction of the H3-H4 44 tetramer with DNA (~147 bp), followed by addition of H2A-H2B dimers, which completes Luebben et al., 2010; Zhang et al., 2015) . Coordinated interplay between histone 50 eviction, re-loading and de novo nucleosome assembly is required for the maintenance 51 of genome stability, in which histone chaperones play an essential role (Lankenau et al., defence have been of great interest (Bouveret et al., 2006; Exner et al., 2006; Ramirez-81 Parra and Gutierrez, 2007; Hisanaga et al., 2013; Mozgova et al., 2015) . fas1/2 plants 82 are sensitive to genotoxic stress (methyl methanesulfonate or gamma irradiation), 83 contain higher numbers of DNA damage sites and increased homologous 84 recombination, (Endo et al., 2006; Kirik et al., 2006; Muchova et al., 2015) . DNA lesions 85 activate ATAXIA TELANGIECTASIA MUTATED (ATM) target genes and induce G2/M 86 arrest, associated with an early switch to the endocycle and size expansion (Endo et al., 87 2006; Exner et al., 2006; Ramirez-Parra and Gutierrez, 2007; Hisanaga et al., 2013) . All 88 these subcellular changes are reflected in overall fitness and growth abilities of fas1 and 89 fas2 mutants, leading to the disorganisation of root and shoot apical meristems (Kaya et 90 al., 2001) , abnormal development of the stem cell niche (SCN) (Huang et al., 2018) and 91 a short root phenotype (Muchova et al., 2015; Mozgova et al., 2018) . The FAS1/2 92 mutation also affects nuclear structure: DAPI stained chromocenters appear smaller and (Mozgova et al., 2010; Duc et al., 2017) . Because of these well described 
105
In this article we focus on the molecular interplay between FAS1 and genes from the 106 group of chromatin remodellers called NAP1. NAP1 family proteins are conserved 107 histone chaperones with apparent pleiotropic functions, as shown in yeast or mammals.
108
NAP1 promotes DNA synthesis-independent nucleosome assembly and disassembly 109 during transcriptional activation (Andrews et al., 2008; Zhang et al., 2015; Chen et al., 110 2016; Prasad et al., 2016; Dronamraju et al., 2017) : it deposits H2A.Z and mediates its 111 cellular transport (Dronamraju et al., 2017) ; it acts via elimination of non-nucleosomal 112 interactions between H2A/H2B and DNA (Andrews et al., 2010) , by shielding the 113 nucleosome-engaged histones (D'Arcy et al., 2013) and by coordination of H1 binding 114 and eviction (Andrews et al., 2008; D'Arcy et al., 2013; Zhang et al., 2015; Shimada et 115 al., 2019) . NAP1 is also phosphorylated by cellular casein kinase (CK2), binds to 116 cohesin, and regulates chromatid resolution during mitosis in the fly (Moshkin et al., 117 2013). Oryza sativa NAP1 proteins are cell cycle regulated as well -they bind CycB1, 118 the marker for G2/M and they are phosphorylated by CK2 (Dong et al., 2005) . Null 119 mutations of NAP1 are lethal in mammals (Rogner et al., 2000) and in Drosophila 120 (Lankenau et al., 2003) , while T-insertion lines in Arabidopsis are fully viable (Liu et al., 121 2009).
122
Although NAP1 also binds the (H3-H4) 2 tetramer in yeast and mammals (Andrews et al., 123 2008), it is considered to be an H2A-H2B histone chaperone in plants, where binding 124 properties of NAP1 and H3-H4 have not been investigated (Dong et al., 2005) .
125
The Arabidopsis NAP1 family comprises four NAP1 genes (NAP1;1-4) and two NAP1-
126
RELATED PROTEIN genes (NRP1, NRP2). NAP1;1-3 proteins are ubiquitously 127 expressed, form homodimers and heterodimers and localize abundantly to the 128 cytoplasm (Liu et al., 2009 ). NAP1;4 encodes a shorter protein lacking canonical 129 sequences and is only weakly expressed in roots and pollen grains (Liu et al., 2009; 130 Zhou et al., 2016) . Loss-of-function mutations of individual NAP1 genes do not affect 131 plant growth and development under standard laboratory conditions (Gao et al., 2012) .
132
Triple mutants nap1;1-3 are sensitive to UV-C irradiation and have reduced levels of 133 somatic homologous recombination (Gao et al., 2012) .
134
NRPs are related to the yeast VACUOLAR PROTEIN SORTING (Vps75 and human
135
SET/TAF proteins and participate in nucleosome assembly and histone binding (Zhu et 136 al., 2006; Tang et al., 2008; Bowman et al., 2011; Bowman et al., 2014; Kumar et al., 137 2019). NAP1 and NRPs act in a synergetic molecular pathway to regulate HR, however,
138
there is a lack of information on which step/s of it they participate in (Zhu et al., 2006; 139 Zhou et al., 2016) . The multiple mutants of nap1;1-4nrp1-2 are largely sensitive to 140 genotoxic stress, but are otherwise viable (Zhou et al., 2016) . Unlike NAP1, which is 141 considered to be an H2A/HB histone chaperone shuttling between the cytoplasm and 142 nucleus, NRP proteins are nuclear factors forming homo-and heterodimers and binding 143 all histones in vitro Gonzalez-Arzola et al., 2017) .
144
Genetic interaction was previously described for FAS2 and NRP1-2 genes in HR and 145 maintenance of the stem cell niche (Gao et al., 2012; Huang et al., 2018 To discover a possible relationship between FAS1 and NAP1;1-3 histone chaperones,
164
and elucidate their roles in chromatin maintenance, we crossed the fas1-4 single mutant 165 (G1) with the nap1;1nap1;2nap1;3-2 triple mutant (m123-2, adopted from (Liu et al., 166 2009)), thereby creating the fas1-4nap1;1nap1;2nap1;3 (fas1m123-2) quadruple mutant.
167
Parental A. thaliana plants carrying a T-DNA insertion in all three NAP1;1-3 genes 168 (m123-2) grow relatively well under standard laboratory conditions without any apparent 169 phenotypic changes (Liu et al., 2009) , while dysfunction of the FAS1 gene causes 170 growth and developmental problems and reduced fertility (Kaya et al., 2001; Kirik et al., 171 2006; Mozgova et al., 2010; Hisanaga et al., 2013; Varas et al., 2017) .
172
We found that simultaneous loss-of-function of NAP1;1, NAP1;2, NAP1;3 and FAS1 173 genes barely affects plant growth and morphology under standard growth conditions.
174
The fas1m123-2 mutant plants do not show serrated leaves, as do fas1 plants, and they 175 resemble wild-type (WT) ( Figure 1A ). In addition to improved plant growth, fas1m123-2 176 plants are fully fertile, in comparison to fas1. We performed an extended analysis and 177 investigated the shape of anthers and the number of viable pollen grains using a 178 modified Alexander staining protocol (Peterson et al., 2010) . fas1 plants revealed an 179 altered shape of anthers and reduced number of pollen grains compared to the WT.
180
These developmental changes were not observed in fas1m123-2 or m123-2 mutant 181 plants ( Figure 1B, C) . In addition, no aborted seeds were observed in these lines,
182
suggesting that the fertility problem observed in fas1 was eliminated in fas1m123-2. In Figure 1D ). In fas1, the 8C peak 193 had a higher intensity, as expected ( Figure 1D ) and 16C and 32C peaks were clearly The fas1m123-2 mutant is more tolerant to genotoxic stress than fas1 218 One of the described phenotypes of fas1 is the increased sensitivity to the DNA 219 damaging chemical, methyl methanesulfonate (MMS) (Muchova et al., 2015) . MMS is an 220 alkylating agent that stalls replication forks, blocks DNA polymerases and inhibits DNA 221 synthesis (Slamenova et al., 1990) . As the next step, we tested whether fas1m123-2 222 plants remained sensitive to MMS. To assess the response to this genotoxin, root We next investigated whether fas1m123-2 acquired a specific resistance to MMS or a 233 more general tolerance to any type of genotoxic stress. Since MMS causes double- inter-strand crosslinks and therefore inhibit replication and transcription (Pecinka and 242 Liu, 2014; Manova and Gruszka, 2015) .
243
The concentrations of all inhibitors were adjusted to levels that did not affect WT plants.
244
Due to the fas1 short root phenotype, it is difficult to evaluate changes in the absolute and the apical root meristem was imaged using confocal microscopy. We observed that 268 roots of untreated WT and m123-2 plants occasionally contained small PI-stained areas, 269 while more than 50% of fas1 roots showed large apoptotic lesions, as expected ( Figure   270 4A and 4B). fas1m123-2, in contrast, showed small lesions in ~25% of roots -the roots increased in fas1m123-2, the observed ratio became more similar to the m123-2 289 mutant (40% small, 60% large lesions) than to fas1 or WT. In WT, 50% of roots 290 remained intact even after 6 days of CPT treatment, indicating a relatively mild effect.
291
We concluded that NAP1 proteins participated in the chronic response to genotoxic 
Stability of repetitive elements is enhanced by depletion of NAP1 in fas1 plants
337
A mutation in FAS1 causes telomere shortening and the loss of 45S rDNA that occurs 338 from the G1 generation onwards (Mozgova et al., 2010) . Both repeats can be recovered 339 when functional genes are introduced, but the recovery of 45S rDNA was shown to be 340 much more stochastic than initially expected (Pavlistova et al., 2016) which further declined to 15-20% (Mozgova et al., 2010; Pontvianne et al., 2013) . complexes (Fyodorov and Kadonaga, 2003; Chereji et al., 2017; Kubik et al., 2017) .
383
Nuclei prepared from leaves of WT, and fas1, m123-2 and fas1m123-2 mutants, were 384 simultaneously digested with two different activities of MNase, optimised to achieve 385 partial digestion.
386
After separation on an agarose gel and staining with ethidium bromide, we observed 387 predominantly mononucleosome-sized fragments in the fas1 sample, while in the 388 fas1m123-2, mono-, di-, tri-nucleosomes were detected, similarly to the WT and m123-2 389 ( Figure 8A and Supplemental Figure 6A ). Occurrence of nucleosome-sized fragments 390 was further analysed using the fragment analyser ( Figure 8D ). The peak of 391 mononucleosomes was lower in fas1 than in fas1m123-2, WT or m123-2, indicating that 392 some DNA fraction in fas1 was degraded by exonucleolytic activity. In fas1m123-2, 393 higher levels of mono-and di-nucleosomal DNA fragments were detected. The 394 concentration of DNA, as determined by Qubit, was comparable between individual 395 samples (Supplemental Table 1 
408
This data confirmed our hypothesis that the improvement of phenotype occurring in 409 fas1m123-2 emerged as a consequence of global changes in chromatin structure. Mozgova et al., 2015) . We looked at some of these 475 deleterious effects of the fas1 mutation in fas1m123-2 and found that many changes 476 were suppressed when NAP1;1-3 genes were disrupted. We showed that chromatin in shows one of the strongest effects (Mozgova et al., 2010; Pontvianne et al., 2013) . We 503 found that in fas1m123-2 plants, the loss of 45S rDNA as well as telomeres was largely 504 supressed when compared to fas1 (Figure 7, Supplemental Figures 3 and 4) . 
513
In fas2nrp1-2 plants, recombination activity remains at WT levels and, as we observed,
514
45S rDNA was partially protected against the loss (Supplemental Figure 5) . A similar 515 situation occurs in fas1/2rad51B, where somatic HR factor RAD51B is missing 516 (Muchova et al., 2015) . Considering the functions of NAP1 and NRP1-2 in HR, we 517 propose that the efficiency of HR might be lower in fas1m123-2 plants, similarly to 518 fas2nrp1-2, and that it contributes to the stabilisation of 45S rDNA repeats.
519
While homologous recombination occurs naturally within 45S rDNA clusters, it is 520 suppressed at telomeres (Vannier et al., 2009; Eckert-Boulet and Lisby, 2010) . We show here that the effect of NAP1;1-3 disruption on the fas1 phenotype resembles 565 the effects of ATM deficiency: the ploidy phenotype was rescued in fas1m123-2 ( Figure   566 1D), moreover; fas1m123-2 plants were fully fertile (Figure1B, C).
567
Altogether we propose that a more efficient DNA repair process is activated in fas1 in (Liu et al., 2009; Zhou et al., 2016) .
591
Quadruple mutants were obtained in our laboratory by crossing the first generation of Table 2 ). The analysis was performed by StepOnePlus Real Time PCR system (Applied performed overnight at 65°C. For more details see also (Neplechova et al., 2005) . TRF 
